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Abstract 

The  structure  and  electrochemical  properties  of  LiAlvCoi_y02  cathodes  for  Li  rechargeable  batteries  have  been  closely  examined  by 
neutron  diffraction.  X-ray  diffraction  (XRD),  X-ray  absorption  spectroscopy  (XAS),  differential  scanning  calorimetry  (DSC),  and 
electrochemical  methods.  Neutron  diffraction  patterns  and  Co  K-edge  X-ray  absorption  near-edge  structure  (XANES)  spectra  of 
LiAlo.25Coo.75O2  revealed  that  aluminum  and  cobalt  ions  were  statistically  distributed  in  octahedral  3b  sites  of  the  ordered  a-NaFeCL 
structure.  The  DSC  scan  of  Li0  5A10  .25C00  75O2  showed  an  increase  in  the  peak  temperature  and  reduction  in  the  exothermic  peak  compared 
to  those  of  Lio.sCo02,  and  it  indicates  that  Al-doped  LiCo02  shows  the  good  thermal  stability  of  the  cathode  and  reduction  of  the  heat  of 
reaction.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

LiCoCL  is  the  most  promising  material  for  its  technolo¬ 
gical  use  as  cathodes  of  Li  rechargeable  batteries  because 
lithium  ions  are  electrochemically  intercalated  and  deinter- 
calated  with  high  reversibility  [1-3].  One  of  the  modifica¬ 
tions  to  improve  its  electrode  performance  is  to  substitute  Co 
with  metal  ions  which  may  stabilize  the  layered  structure 
with  or  without  participating  in  the  redox  processes  [4-6]. 
As  aluminum  is  both  lighter  and  less  expensive  than  cobalt, 
Al-doped  LiCo02  could  be  a  cheaper  and  lighter  cathode 
material  than  the  pure  LiCo02. 

It  has  been  reported  that  Al-doping  is  potentially  attrac¬ 
tive  to  electrochemical  application  since  Al-doped  LiCoCL 
has  advantages  such  as  higher  intercalation  voltage,  higher 
energy  density,  and  a  lower  cost  although  it  shows  large 
capacity  fading  during  cycling  [7].  Tirado  and  co-workers 
reported  with  their  X-ray  diffraction  (XRD)  Rietveld  ana¬ 
lysis  that  a  poor  lithium  ion  diffusivity,  resulting  from  the 
presence  of  aluminum  in  both  tetrahedral  and  octahedral 
sites,  may  also  be  one  of  the  reasons  for  the  large  capacity 
fading  of  Al-doped  LiCo02  cathode  [4], 


*  Corresponding  author.  Tel.:  +82-2-361-2839;  fax:  +82-2-312-5375. 
E-mail  addresses :  wonsuby@nownuri.net  (W.-S.  Yoon), 
kbkim@mail. yonsei. ac.kr  (K.-B.  Kim). 


The  performance  of  electrode  materials  is  highly  affected 
by  their  synthesis  processes.  Considerable  improvements 
have  been  made  by  using  a  solution  method  in  obtaining 
high  performance  cathode  materials.  Among  the  solution 
methods,  sol-gel  method  makes  possible  a  better  mixing  of 
the  elements  and  therefore,  a  better  reactivity  of  the  mixture, 
which  then  allows  a  lower  reaction  temperature  and  a  shorter 
reaction  time.  Additionally,  the  resulting  powders  also  show 
good  stoichiometric  control  and  narrow  particle  size  dis¬ 
tribution  [8-10].  In  this  study,  LiAlvCO|_y02  powders  were 
synthesized  using  acrylic  acid  as  a  chelating  agent.  The 
structure  and  its  electrochemical  properties  were  studied  by 
neutron  diffraction,  XRD,  X-ray  absorption  spectroscopy 
(XAS),  and  electrochemical  methods. 

2.  Experimental 

LiAlvCOj  _y02  powders  were  synthesized  using  acrylic 
acid  as  a  chelating  agent,  as  described  in  our  previous  work 
[11].  A  stoichiometric  amount  of  lithium  acetate  (Li(CH3_ 
C00)-2H20),  cobalt  acetate  (Co(CH3COO)24H20),  and 
aluminum  nitrate  (A1(N03)3-9H20)  with  the  cationic  ratio 
of  Li:  (Co  +  Al)  =1:1  was  dissolved  in  distilled  water  and 
mixed  with  an  aqueous  solution  of  acrylic  acid.  Nitric  acid 
was  slowly  added  to  the  solution  with  constant  stirring  until 
a  pH  of  2  was  achieved.  The  resulting  solution  was  mixed 
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with  a  magnetic  stirrer  at  70-80°C  for  6-8  h  to  obtain  a  clear 
viscous  gel.  The  gel  was  dried  in  a  vacuum  oven  at  100°C  for 
12  h.  All  the  LiAlvCO|  _y02  compounds  were  ground  and 
calcined  at  800°C  for  24  h  after  pre-calcining  the  obtained 
gel  precursor  at  400°C  for  1  h  in  air. 

The  crystal  structure  of  LiCo02  calcined  at  various 
temperatures  was  characterized  by  XRD.  Powder  XRD 
pattern  was  recorded  using  an  automated  Rigaku  powder 
diffractometer  using  Cu  Ka  radiation.  The  neutron  powder 
diffraction  spectra  were  collected  with  a  high-resolution 
powder  diffractometer  at  the  Korea  Atomic  Energy  Research 
Institute.  The  wavelength,  1.8342  A,  was  selected  from  the 
(3  3  1  )-plane  Ge  monochromator.  About  8  g  of  each  sample 
was  enclosed  in  a  vanadium  can  (8  mm  diameter).  The  32 
counters,  spaced  at  five  intervals,  were  moved  by  steps  of 
0.05°  in  the  range  0°  <  2 0  <  160°.  The  neutron  powder 
diffraction  data  were  analyzed  by  the  Rietveld  profile 
analysis  using  the  FULLPROF  program  [12,13].  EXAFS 
measurements  were  performed  in  transmission  mode  at 
beamline  3C1  of  Pohang  light  source  (PLS)  using  a 
Si(  1  1  1)  double-crystal  monochromator.  The  storage  ring 
was  operated  with  an  electron  energy  of  2  GeV  and  a  current 
between  80  and  120  mA.  Calibration  was  carried  out  prior 
to  all  measurements  using  the  first  inflection  point  of 
the  spectrum  of  Co  foil,  i.e.  Co  K-edge  =  7709  eV,  as  a 
reference. 

Cathode  specimens  were  prepared  by  mixing  the  L  i  A I 
C0!_v02  powders  with  10  wt.%  acetylene  black  and  6  wt.% 
poly-vinylidene  fluoride  (PVDF)  in  n-methyl  pyrrolidone 
(NMP)  solution.  The  mixture  was  spread  on  Al  foil  and 
pressed.  The  composite  electrodes  were  dried  under  vacuum 
at  150°C  for  at  least  12  h  before  use.  A  three-electrode 
electrochemical  cell  was  employed  for  electrochemical 
measurements  in  which  lithium  foil  was  used  for  reference 
and  counter  electrodes.  The  electrolyte  used  was  1  M 
LiC104  in  propylene  carbonate  (PC)  solution.  All  the  elec¬ 
trochemical  experiments  were  carried  out  at  room  tempera¬ 
ture  in  a  glove  box  filled  with  purified  argon  gas. 


3.  Results  and  discussion 

XRD  patterns  of  LiAlyCo1_v02  calcined  at  800°C  for  (a) 
y  =  0  and  (b)  y  =  0.25  are  shown  in  Fig.  1.  All  diffraction 
lines  can  be  indexed  assuming  a  hexagonal  lattice.  The  XRD 
pattern  for  LiCoOo  shows  the  good  separations  of  the 
(0  0  6)/(0  1  2)  and  the  (10  8)/(l  1  0)  couples  of  diffraction 
lines,  which  indicates  that  this  material  is  a  well  developed 
layered  HT-LiCo02  [14].  As  in  the  case  of  LiCo02,  the  XRD 
pattern  for  LiAlo.25Coo.7502  shows  that  it  has  the  same  HT- 
LiCo02  structure.  The  separations  of  the  (0  0  6)/(0  1  2)  and 
the  (1  0  8)/(l  1  0)  couples  of  diffraction  lines  of  LiAl025_ 
Co0  7502  are  wider  than  those  of  LiCo02. 

The  absorption  peak  features  in  the  X-ray  absorption 
near-edge  structure  (XANES)  give  useful  structural  infor¬ 
mation  such  as  oxidation  state  of  chemical  species,  site 
symmetry,  and  covalent  bond  strength.  Fig.  2  shows  normal¬ 
ized  Co  K-edge  XANES  spectra  for  LiCo02  and  LiAl0  25_ 
Co0  75O2.  The  K-edge  structures  originate  from  transitions 
of  the  Is  core  level  of  the  metal  to  excited  vacant  states  of 
proper  symmetry  involving  metal  orbitals.  With  adequate 
theoretical  interpretation,  each  feature  of  XANES  can  be 
interpreted  in  terms  of  local  geometry  and  local  electronic 
structure  [15-17],  The  small  pre-edge  absorption,  A  peak, 
represents  the  transition  of  Is  electron  to  an  unoccupied  3d 
orbital  of  Co3+  ion  with  the  low  spin  (tigeg)  electronic 
configuration.  Although  the  Is  — +  3d  transition  is  the  elec¬ 
tric  dipole-forbidden  transition  in  an  ideal  octahedral  sym¬ 
metry,  the  appearance  of  small  absorption  peak  results  from 
pure  electric  quadruple  coupling  and  3d-4p  orbital  mixing 
by  the  non-centrosymmetric  environment  of  its  slightly 
distorted  Co06  octahedral  site.  The  first  strong  absorption, 
B  peak,  is  assigned  to  a  shakedown  process  involving  the 
Is  — *  4p  transition  with  simultaneous  ligand  to  metal  charge 
transfer.  The  strongest  absorption,  C  peak,  is  a  pure  Is  — >  4p 
transition.  As  shown  in  Fig.  2,  both  the  edge  structures  of 
LiCo02  and  LiAl0  25Co0  7502  are  identical,  which  indicates 
that  introduction  of  Al  into  LiCoQ2  structure  does  not  cause 
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Fig.  1.  XRD  patterns  for  LiAlvCO[_v02  calcined  at  800°C  for  (a)  y  —  0  and  (b)  y  =  0.25. 
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Fig.  2.  Normalized  Co  K-edge  XANES  spectra  for  LiCo02  and 
LiAlo.25Coo.75O2.  The  inset  shows  an  expanded  view  of  the  region  of  the 
spectrum  containing  the  Is  — >■  3d  transitions. 

the  change  of  local  geometry  and  local  electronic  structure 
around  Co  atom. 

LiCo02  and  LiAlo.25Coo.75O2  electrodes  were  cycled  at 
room  temperature.  The  cells  were  charged  from  their  rest 
potential  up  to  4.2  V  for  LiCo02  and  up  to  4.3  V  for 
LiAlo.25Coo.75O2.  Fig.  3  shows  the  first  charge  curves  of 
LiCo02  and  LiAlo.25Coo.75O2  calcined  at  800°C  at  a  con¬ 
stant  current  rate  of  C/5.  The  LiCo02  electrode  calcined  at 
800  C  shows  the  typical  charge  curve  of  HT-LiCo02.  The 
charge  curve  of  LiCo02  displays  a  wide  potential  plateau 
near  3.9  V.  Two  smaller  plateaus  are  also  present  at  higher 


charge  in  LiAI025Co075O2 
discharge  in  LiAI025Co075O2 


Cycle  number 


Fig.  4.  Variations  of  specific  capacity  with  cycling  for  LiAl0  .25C00.75O2 
calcined  at  800°C  at  a  rate  of  C/5  between  2.5  and  4.3  V. 


potentials.  The  occurrence  of  the  wide  plateau  near  3.9  V  is 
due  to  the  coexistence  of  two  pseudo-phases  of  a  Li-dilute  a- 
phase  and  an  Li-concentrated  (3-phase  [18].  Two  smaller 
plateaus  correspond  to  the  order/disorder  phase  transition 
arising  at  around  x  =  0.5  in  the  HT-Li1_A-Co02  [19].  On  the 
other  hand,  the  charge  curve  of  LiAl0  .25C00.  75O2  shows 
higher  charging  potential  than  that  of  LiCo02  as  predicted 
by  the  ab  initio  calculations  [7,20].  As  shown  in  Fig.  4, 
LiAl()  25C00.75O2  electrode  exhibits  large  capacity  fading. 
After  10  cycles,  the  discharge  capacity  decreased  to  below 
50%  of  the  initial  capacity,  which  should  be  overcome  to 
become  a  good  candidate  of  the  cathode  material  for  com¬ 
mercial  Li  rechargeable  battery. 

Tirado  and  co-workers  reported  with  their  XRD  analysis 
that  a  poor  lithium  ion  diffusivity,  resulting  from  the  pre¬ 
sence  of  aluminum  in  both  tetrahedral  and  octahedral  sites. 


Specific  capacity  /  mAhg 


Fig.  3.  First  charge  curves  of  LiCo02  and  LiAl0  .25CO().  7502  calcined  at  800°C  at  a  rate  of  C/5. 
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Fig.  5.  Observed  (+)  and  calculated  (solid  line)  neutron  diffraction  for 
LiAlo.25Coo.75O2  calcined  at  800°C. 
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Fig.  6.  XRD  pattern  of  LiAlo.25Coo.75O2  electrode  after  10  cycles  between 
2.5  and  4.3  V. 


may  also  be  one  of  the  reasons  for  the  capacity  fading  of 
LiAlo  25C00.75O2  material  [4].  Fig.  5  shows  neutron  diffrac¬ 
tion  patterns  and  profile  of  the  intensity  difference  between 
experimental  and  calculated  neutron  diffraction  patterns. 
Rietveld  refinement  results  of  the  neutron  diffraction  data 
are  listed  in  Table  1.  The  Rietveld  analysis  of  neutron 
diffraction  patterns  was  carried  out  in  the  Rim  space  group 
in  order  to  investigate  the  true  cation  distribution.  The 
structural  parameters  were  refined  using  structural  models 
with  two  different  cationic  distributions:  (i)  aluminum  ions 
located  in  octahedral  sites,  and  (ii)  aluminum  ions  located  in 
both  tetrahedral  and  octahedral  sites.  The  structural  model 
(iii)  however,  led  to  a  negative  site  occupation  for  the 
aluminum  ions  at  tetrahedral  sites.  This  indicates  that  alu¬ 
minum  and  cobalt  ions  were  statistically  distributed  in 
octahedral  3b  sites.  Furthermore,  if  aluminum  ions  are 
located  in  both  tetrahedral  and  octahedral  sites,  the  local 
structure  of  LiAlo.25Coo.75O2  would  be  greatly  distorted.  As 
shown  in  Fig.  2,  both  the  edge  structures  of  LiCo02  and 
LiAlo.25Coo.75O2  are  basically  identical,  and  this  indicates 
that  the  introduction  of  Al  into  a  LiCo02  structure  does  not 
change  the  local  structure  around  Co  atoms. 

Fig.  6  shows  XRD  pattern  of  LiAl0  .25C00.  75O2  electrode 
after  10  cycles  between  2.5  and  4.3  V.  a-NaFe02  structure  is 
retained  during  cycling.  This  indicates  no  bulk  crystalline 
phase  change  during  cycling,  and  phase  transition  could  be 
excluded  from  causes  of  capacity  fading  of  LiAl0  .25C00.75O2 
electrode.  This  is  consistent  with  the  earlier  report  by  Jang 
et  al.,  who  found  with  their  XRD  analysis  that  the  layered 
structure  of  Al-doped  LiCoC>2  is  stable  in  its  structure  during 
cycling  [21].  Furthermore,  they  reported  that  the  variation  in 


Table  1 

Rietveld  refinement  results  of  the  neutron  diffraction  dataa 


Atom 

Site 

Occupation 

X 

y 

Z 

B(  A2) 

Li 

3a 

1 

0 

0 

0 

0.714 

Al 

3b 

0.25 

0 

0 

0.5 

0.216 

Co 

3b 

0.75 

0 

0 

0.5 

0.216 

O 

6c 

2 

0 

0 

0.2394 

0.276 

aa  =  2.80793(11)  A,  c  =  14.11491(65)  A,  Rwp  =7.33,  Rp  =  5.83. 


lattice  constants  of  Li  Al  vCO|  _v02  during  Li  deintercalation 
is  smaller  than  that  of  LiCoOa,  which  indicates  the  lattice 
stabilization  by  Al  addition.  However,  the  XRD  analysis 
could  not  explain  large  capacity  fading  of  LiAlvCo1_v02 
compared  to  LiCo02-  A  related  paper  discusses  the  varia¬ 
tions  in  the  local  structures  with  Li  deintercalation  and 
cycling  process  of  LiCoOa  and  LiAl0  .25C00.  75O2  on  the 
basis  of  XAS  study,  which  will  give  a  better  understanding 
of  the  mechanism  for  the  capacity  fading  of  the  LiAlo.25- 
C00  75O2  cathode  during  cycling  process  [22]. 

Differential  scanning  calorimetry  (DSC)  has  been  con¬ 
sidered  to  be  a  useful  technique  to  study  the  reactivity 
between  active  materials  and  the  electrolyte.  DSC  tests  were 
carried  out  in  order  to  investigate  the  thermal  stability  of  the 
LiAl()  25C00.75O2  cathode.  Fig.  7  shows  DSC  scans  of 
charged  cathodes  containing  LiCoCL  and  LiAl0  .25C00.75O2 
prepared  at  800°C.  For  the  pure  LiCoCL  cathode,  the 
decomposition  reaction  appears  to  initiate  at  around 
180°C,  followed  by  development  of  two  intense  exothermic 
peaks  in  the  temperature  range  of  200-250°C.  This  is 
consistent  with  the  earlier  report  by  Zhang  et  al.  [23]. 
The  overall  heat  generation  under  the  exothermic  peaks  is 
a  direct  indication  of  the  reactivity  between  the  active 
materials  and  the  electrolyte.  The  thermal  behavior  of  the 


Fig.  7.  DSC  scans  of  charged  cathodes  containing  LiCo02  and 
LiAlo.25Coo.75O2  prepared  at  800°C. 
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Lio.5Alo.25Coo.75O2  is  quite  different  from  that  for 
Li0.5CoO2.  The  DSC  scan  of  the  Lio.5Alo.25Coo.75O2  shows 
increase  of  the  peak  temperature  and  reduction  of  the 
exothermic  peak  compared  to  that  of  the  Lio.sCoC^,  which 
indicates  that  Al-doped  LiCo02  shows  the  good  thermal 
stability  of  the  cathode  and  reduction  of  the  heat  amount  of 
the  reaction. 


4.  Conclusions 

LiAlyCOj_y02  powders  were  synthesized  by  the  sol-gel 
process  using  acrylic  acid  as  a  chelating  agent.  The  charge 
curve  of  LiAl0  .25C00.  75O2  showed  higher  charging  potential 
than  that  of  LiCoC>2  as  predicted  by  the  ab  initio  calculations 
[7,20].  Neutron  diffraction  patterns  and  Co  K-edge  XANES 
spectra  of  LiAl0  .25C00.  75O2  showed  that  aluminum  and 
cobalt  ions  were  statistically  distributed  in  octahedral  3b 
sites  of  the  ordered  a-NaFeCL  structure.  DSC  results  of 
charged  cathodes  containing  LiCo02  and  LiAl0  .25C00.75O2 
showed  that  Al-doped  LiCoCL  enhanced  the  thermal  stabi¬ 
lity  of  the  cathode  and  reduced  the  amount  of  its  reaction 
heat  with  electrolyte. 
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